We have a quantitative light microscopic immunohistochemical method using video image processing. First, an antigen (NADPH-cytochrome P450 reductase) content in homogenates of livers of rats was measured by enzyme immunoassay. Then frozen sections ftom rat livers were incubated with the anti-NADPH-cytochrome P450 reductase antibody under saturation conditions by the indirect immunoperoxidase method. Subsequently, relative staining intensities in small portions and those in wide areas in the sections were measured with a video image processor. Finally, the resulting relative values obtained from the s m a l l portions were converted into absolute NADPH-cytohome €450 reductase contents
Introduction
Light microscopic enzyme immunohistochemistry has been widely used to detect antigenic components in tissue sections. Ethe amount of the reaction product in a tissue section is proportional to the amount of an antigen in the section, enzyme immunohistochemistry is applicable to measurement of the antigen content in the section (4, 9, 16) . We previously established a quantitative immunohistochemical method for measuring the antigen content in tissue sections by a combination of enzyme immunohistochemistry with microphotometry and the nitrocellulose-binding assay (16) . The content of NADPH-cytochrome P-450 reductase (P-450 reductase; EC 1.6.2.4) in sections from livers of rats could be measured by this method (15J6). Subsequently, Dobado-Berrios et al. (4) quantitated the absolute release of growth hormone from isolated porcine pituitary cells by the "cell blot" assay using polyvinylidene difluoride (PVDF) membranes.
In these studies, however, an apparent extinction coefficient or a standard curve obtained from nitrocellulose or PVDF membranes, in which an antigen was immobilized, was necessary to convert ab-using the results of enzyme immunoassay and the average relative staining intensity obtained from the wide areas in the sections. The reductase content in sections from rat livers measured by the image processing method coincided with the content measured by the microphotometric method using a nitrocellulose model system. The present image processing method is applicable to measurement of contents of antigens that can not be immobilized in model systems. ( J Histochem Cytochem 42: [1161] [1162] [1163] [1164] [1165] [1166] [1167] 1994) KEY WORDS: Quantitative immunohistochemistry; Video image processing; Image analysis; Cytochrome P-450 reductase; Liver; Rat.
sorbances measured in the sections or cells into antigen contents (4, 16) . For this reason, these methods have the following drawbacks: (a) the number of measurable antigens is limited, because not all antigens are effectively immobilized on nitrocellulose or PVDF membranes; (b) when the maximal antigen-binding capacity of the membranes is lower than the highest antigen content in tissue sections or cells, determination of antigen content in the sections or cells is difficult; and (c) these methods are time-consuming because complicated procedures are necessary to determine the extinction coefficient or standard curve. To overcome these drawbacks, we planned to establish a simple quantitative immunohistochemical method that is independent of any membrane model systems, although the membrane systems are useful for obtaining quantitative information on the relation between antigen content and staining intensity (3, 7, 8, 10, 11, 16) .
Recently, high-performance video image processors have been used for semiquantitation of staining intensity due to histochemical reactions (1, 2, 5, (12) (13) (14) . With the image processors, wide areas in tissue sections can be analyzed. When the amount of reaction product in tissue sections is proportional to the amount of an antigen in the section, the sum of specific staining intensity measured in the wide areas with the processors corresponds to the antigen amount in the tissue, and therefore the resulting average intensity corresponds to the antigen content in the tissue. At present, the content of many antigens in whole tissues can be measured by enzyme or radioimmunoassay. Therefore, a combination of enzyme immunoassay with the video image processing should enable us to measure the antigen content in tissue sections. In the present study we developed a method for measuring the antigen content in tissue sections by a combination of enzyme immunohistochemistry with image processing and enzyme immunoassay. Then, the P-450 reductase content in sections of the rat liver was measured by the image processing method.
Materials and Methods
Twenty-four male Sprague-Dawley rats, 3-4 months old, were used. They had free access to food and water before the experiments.
Antibodies
Anti-rat P-450 reductase rabbit IgG (primary antibody, 10 mglml) (15.16) was a kind gift from Dr. Y. Tashiro (Department of Physiology, Kansai Medical University). Peroxidase-labeled goat anti-rabbit IgG (secondary antibody, 18.6 mglml), an anti-rabbit peroxidase-anti-peroxidase (PAP) kit (Histofine). and an anti-rabbit avidin-biotin complex (ABC) kit (Vectastain Elite) were purchased from Cappel (West Chester. PA), Seikagaku Kogyo (Tokyo, Japan), and Vector (Burlingame, CA), respectively.
Biochemical Method
Under sodium pentobarbital anesthesia, livers of the animals were perfused via the portal vein with ice-cold saline for 10 min (12 mllmin), removed quickly, and homogenized with 9 volumes of PBS containing 0.25 M sucrose at 4°C. P-450 reductase content in the homogenate was measured by enzyme immunosorbent assay (ELJSA) asdescribed previously (16). In short, P-450 reductase purified by affinity chromatography (16) was absorbed to the wells of a microtiter plate. Liver homogenate was mixed with an equal volume of 0.1 M tris-HCI buffer containing 1.4% (vlv) Triton X-100. Aliquots of the mixture were incubated with the primary antibody in the well. After washing the wells with PBS, the secondary antibody was added to the well and incubated. After washing the wells again with PBS, peroxidase activity was detected with orthophenylenediamine as a substrate, and absorbance at 492 nm was measured. der these incubation conditions, the effect of antibody trapping or steric hindrance on the binding of antibody to the sections was shown to be negligible (15.16). Then the stained sections were washed with PBS and mounted in glycerol. For the PAP or ABC method, the sections were processed according to the manufacturer's instructions with the kits.
Image Processing
Equipment. A microscope (Axiovert; Carl Zeiss, Oberkodren. Germany) linked to a video image processor (ARGUS 100-VEC Hamamatsu Photonics, Hamamatsu, Japan) was used. An interference filter (IP-470; Nikon. Tokyo, Japan) was set in the microscope. In this system, the intensity of the incident light beam impinging on the sections sometimes tended to change according to fluctuations in voltage in lamp circuit (data not shown). To avoid the effect of fluctuations on the measurement, we adjusted electrical and optical conditions to constant levels before every measurement with a calibrated neutral density fdter. This procedure was necessary for examining the accurate antigen content by the image processing method as described below.
Histochemicd Methods
Under sodium pentobarbital anesthesia, livers of the animals were perfused via the portal vein with saline briefly, then perfused with cold 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 3 min (12 ml/min). and further perfused with PBS for 3 min. Slices cut from the left lobe of liver were washed with 0.1 M phosphate buffer (pH 7.4) containing 8% sucrose at 4'C for 6 hr. Serial frozen sections 6 pm thick were cut and placed on poly-L-lysine-coated glass slides.
A pair of the serial sections were immersed in 70% (v/v) methanol including 0.3% H202 at room temperature (RT) for 30 min. washed with PBS (three times for 5 min), and soaked in normal goat serum (diluted 1:10 with PBS) at RT.for 30 min. One section was then incubated in 80 ofthe primary antibody solution (1 mglml PBS) and the other was incubated with 80 jd of normal rabbit serum (NRS diluted 1:20 with PBS) at 4'C for 12 hr. After washing with PBS. the sections were processed for the indirect immunoperoxidase, PAP, or ABC method. F~~ the immunoperoxidase method, the sections were incubated in 8o of PBS including the secondary antibody (2 mglml) at 20°C for 30 min and washed 3 mg diaminobenzidine and 0.03% (dv) H202 at 20'C for 20 min. Un- 
Method.
The stained and mounted sections on slides were set in the stage of the microscope. The resulting microscopic image through the fidter ( Figure 1A ) was taken with a charge-coupled device camera (Hamamatsu Photonics) under constant electrical and optical conditions. The conditions were adjusted to constant levels before every measurement with a calibrated neuual density fdter, and the staining intensities in the most strongly stained portions were set below the maximal pixel intensity. Then the image was transferred to the video image processor, inverted for image analysis (Figure 1B) to facilitate the measurement of pixel intensity, and stored on hard or floppy disks for later analysis. Pixel intensities in the inverted image were measured as gray levels ranging from 0 (= black) to 255 (= white). The average gray levels in widely defined areas of the sections (1-2 mm x 1-2 mm; AISab) and the gray levels in small portions in the sections (1.95-400 pm x 1.95-400 pm; SIPab) were analyzed ( Figure 1B ). Measurements of AISab and SIF'ab were done in the center of the sections because nonspecific staining was somewhat strong at the periphery of the sections. The average gray levels in a widely defiied area of the adjacent section incubated with NRS (AISnrs) and the levels in corresponding portions in the section (SIPnrs) were also measured to determine the intensity of nonspecific staining. Abbreviations frequently used in this report are summarized in Table 1 .
Calculation. Specific average gray level in the area of the section due (1) Thus, the average relative staining intensity due to P-450 reductase in sections (P-45OR av-RD) is:
to the immunoreaction (AISsp) is obtained as follows:
where ZAISsp = a sum of AISsp, and Nab =i number of sections used for the measurement of AISab or AISnrs. The P-450R av-RD corresponds to average P-450 reductase concentration (P-450R tis-concn) in the liver tissue. This value (1.1 pM) was measured by ELISA (lirble 2). The ZAISsplNab is obtained as an average AISsp by image analysis. Therefore, P-450 reductase concentration in a small portion in liver section (P-45OR-spt concn) can be calculated as follows:
Microphotometry
Sections cut from perfusion-fixed livers were processed for immunohistochemistry and mounted as described above. The mounted sections on slides were set in the stage of a microphotometer (KWSP-1) (17). Readings were made at 466 nm with a spot size of4 pm and the resulting %T values were converted into absorbances. Then the specific absorbance was calculated and converted into the reductase content, using an apparent extinction co&icient obtained from the nitrocellulose binding assay as described previously (15J6).
Statistical Analysis
Multiple independent data were subjected to statistical analysis using analysis of variance followed by Duncan's multiple-range test. Matched-pair data were subjected to the Ftest followed by paired Student's t-test. Multiple matched data were analyzed by Cochran's Q-test. The correlation coefficient (r) was calculated by least-squares regression analysis.
Results
P-450 reductase content measured by the present image processing method is shown in Table 2 . Perivenular tissues and hepatocytes contained 1.5-1.6 times as much reductase as that in periportal tissues or hepatocytes. The content in midzonal tissues or hepatocytes was intermediate between perivenular and periportal values.
When the same portions of the same sections were analyzed by both the present image processing method and the microphotometric method, the content measured by the former method coincided with the value measured by the latter method (Table 3 ). Although the matched-pair analysis revealed a slight statistical difference between the results of the two methods, the magnitude of the difference (-3%) was very small (Table 3) . When 40 randomly selected portions in a section were analyzed by the two methods, a high correlation coefficient (rX.96; Y = 1.03X) was found between the results of the two methods (Figure 2) .
For determining optimal electrical and optical conditions, the same portions of an immunostained section were analyzed with the processor under various electrical and optical conditions. When AISab was less than a gray level of 40 in an inverted image (>215 in the original image), the resulting antigen content was overestimated (Figure 3) . If AISab was more than a gray level of 160 in an inverted image (<95 in the original image), however, the result- ing antigen content was underestimated. As shown in Figure 3 , the non-linearity seen in the P-450 reductase content was due to the non-linearity of SIPab. This can be explained by the presence of "saturated' portions in the original or inverted image. To examine the relationship between the p-450 reductase content in liver sections and the section thickness, gray levels in corresponding portions of serial sections cut at 4,6,8, and 10 bm thickness were analyzed by the image processing method. When the AISab in the inverted image was gray level of 60 for 4-bm-thick sections, there was a linear relation between the resulting gray level (AISsp) and section thickness (Figure 4) . Assuming that the serial sections contained a constant amount of the antigen, Beer-Lambert's Law holds for the present image processing method. However, if the AISab was more than the gray level of 80 for 4-bm-thick sections in the inverted image, AISab from 10-pm-thick sections exceeded the upper limit (gray level of 160).
When serial sections were incubated with various concentrations of anti-P-450 reductase antibody and analyzed by the image processing method, the resulting AISab increased with increasing con- centrations of the antibody up to 1.2 pM IgG and then leveled off (Figure 5) .
Although a wide area is necessary to correlate the average staining intensity (ZAISsplNab) to P-450 reductase content in liver tissue (P-450R tis-concn), the spatial resolution is inversely proportional to the size of the area examined to obtain AISsp. However, the resolution was improved by measuring many small areas to obtain AISsp instead of a wide area (Figures 6A-6D) . If AISsp was measured in four small areas (0.5 x 0.5 mm) instead of a wide area (2 x 2 mm), the spatial resolution improved significantly (from 3.91 pm to 0.98 pm), whereas the total width of the four areas to obtain AISsp was identical to the wide area. To assess whether the intensification of staining intensity by the PAP or ABC reaction is adequate for measurement of antigen in sections by the image processing method, serial sections stained with the indirect immunoperoxidase, PAP, or ABC method were analyzed. When the sections were processed according to the PAP method, the resulting P-450 reductase content Wered from that measured in adjacent sections processed according to the indirect immunoperoxidase method (Figure 7) . However, the results obtained from the ABC method were similar to those from the indirect immunoperoxidase method.
Before the measurement of P-450 reductase content by the present image processing method, the optimal concentration of the primary antibody in the incubation medium was determined by incubating liver seftions with the primary antibody (0.1-0.4 mg/ml). The ratio of the average gray level in a wide area of the section (1 mm x 1 mm) to the strongest pixel intensity in the section (1.95 pm x 1.95 pm) was measured with the video image processor and the resulting ratio was multiplied by P-450 reductase content in liver tissues measured by ELISA. In the present results, the ratio was 1.7 and the content was 1.1 @t4 (Eble 2). The resulting value (1.9 pM) was considered to be the highest local concentration of reductase in the section. Assuming that the moleculer weight of IgG is 150,000, at least 0.3 mg IgG of the primary antibody per ml of the incubation medium is necessary to follow saturation kinetics. In addition, one primary antibody molecule bound about two secondary antibody molecules (16), indicating that at least 4 pM (0.6 mg IgGlml) of the secondary antibody was required for the quantitative analysis. We therefore used higher concentrations of the primary (1 mg IgG/ml) and secondary (2 mg IgG/ml) antibodies.
In the present study, ELISA was done on unfixed homogenized liver tissue, whereas immunohistochemical examination was done with tissue f=ed briefly with 4% paraformaldehyde. When ELISA was done on briefly fEed liver tissues, the resulting P-450 reductase content (1.02 * 0.137 nmol/g liver; means * SE for five animals) was similar to the value of unfixed homogenized liver ( Table 2 ).
Discussion
In the present study we examined P-450 reductase as an example of antigen to determine whether the image processing method gives an accurate antigen content in tissue sections. This choice was based on the fact that the local content of the reductase in tissue sections can be estimated by another method, i.e., the microphotometric method using a nitrocellulose model system (16). The accuracy of the image processing method was shown by comparing the results of the image processing method with those of microphotometry. The content of P-450 reductase measured by the image processing method, which depends on data from ELISA, coincided with the microphotometric results, which are independent of the data of ELISA (15J6). A high correlation coefficient was found between the results of the two methods. These findings indicate the accuracy of the image processing method, and suggest that the method is applicable to the measurement of contents of antigens that cannot be immobilized on any model systems. In addition, the efficiency of the measurement of antigen content in tissue sections was improved by the image processing method by avoiding complicated m D - If antigenicity of an antigen immobilized on model systems differs from that of the antigen in sections, microphotometric methods with model systems givc erroneous results because extinction coefficients or standard CUMS derived from model systems cannot be applied to the sections (16). In such a case, the image processing method should be used instead of the microphotometric methods using model systems. even if antigens can be immobilized on model systems. The image processing method is also use- ful to check the difference in antigenicity between model systems and sections by comparing the results of the image processing method with those of the methods using model systems.
As shown in the present results, inadequate electrical or optical intensification of the immunoperoxidase reaction by the video image processing gave erroneous results. Furthermore, when the immunoperoxidase reaction was enhanced by heavy metals, the resulting staining intensity was not proportional to the amount of antigen in tissue sections (16). To improve the sensitivity of the image processing method, we tested whether the ABC or PAP method gives accurate quantitative information. The intensification of staining intensity by the ABC reaction was adequate, whereas that by the PAP reaction was inadequate for quantitative analysis. When the immunostaining intensity is intensified by the ABC reaction, an accurate antigen content can be obtained by the present image processing method even when sections contain only a small amount of antigen.
If the average staining intensities (such as AISab and AISnrs) in sections are analyzed with a large spot by microphotometry and expressed as average absorbances, the systematic distributional error results from heterogeneous distribution of P-450 reductase in the large spot (6J6). However, the error is caused by the logarithmic conversion ofthe percent transmission into absorbance (6). The present image processing,method requires no logarithmic conversion to obtain gray levels, indicating that the effect of distributional error can be ruled out in the present study.
If the density of P-450 reductase in the membrane of endoplasmic reticulum (ER) is very high, the effect of steric hindrance or antibody trapping on the binding of primary antibodies to the antigen molecules may be remarkable. Recently, furthermore, Raivich et al. (9) found a bell-shaped relationship between antibody binding and antibody concentration and suggested that the bell-shaped curve is due to unstable binding of antibody to antigen under a very high antibody concentration. In these cases, the immunostaining intensity in sections would not be proportional to the amount of antigen. However, the density of P-450 reductase in ER membrane is low (100-150 molecules/pn2) (I>), and a bell-shaped relationship was not observed in the present results, as shown in Figure 6 . Ifthe image processing method is applied to the measurement of many other antigen contents in sections, however, the relationship between antibody binding and antibody concentration should be examined before the measurement to test whether the immunostaining intensity is proportional to the amount of antigen. Furthermore, if steric hindrance or antibody trapping occurs heterogeneously in a section, erroneous results may be obtained by the present image processing method, although the effect of steric hindrance or antibody trapping may be minimized by staining the sections with the Fab fragment of primary antibody instead of the intact antibody (IgG). In addition, caution is necessary if an efflux of antigen molecules from sections or degeneration of antigenicity is significant during tissue preparation. In these cases, precise determination of antigen content in tissue sections may be difficult.
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